ABSTRACT A high-density genetic map of papaya (Carica papaya L.) was constructed using microsatellite markers derived from BAC end sequences and whole-genome shot gun sequences. Fifty-four F 2 plants derived from varieties AU9 and SunUp were used for linkage mapping. A total of 707 markers, including 706 microsatellite loci and the morphological marker fruit flesh color, were mapped into nine major and three minor linkage groups. The resulting map spanned 1069.9 cM with an average distance of 1.5 cM between adjacent markers. This sequence-based microsatellite map resolved the very large linkage group 2 (LG 2) of the previous high-density map using amplified fragment length polymorphism markers. The nine major LGs of our map represent papaya's haploid nine chromosomes with LG 1 of the sex chromosome being the largest. This map validates the suppression of recombination at the male-specific region of the Y chromosome (MSY) mapped on LG 1 and at potential centromeric regions of other LGs. Segregation distortion was detected in a large region on LG 1 surrounding the MSY region due to the abortion of the YY genotype and in a region of LG6 due to an unknown cause. This high-density sequencetagged genetic map is being used to integrate genetic and physical maps and to assign genome sequence scaffolds to papaya chromosomes. It provides a framework for comparative structural and evolutional genomic research in the order Brassicales. Papaya is a perennial plant species that flowers as early as 3 months and produces fruit in 9 months; it is trioecious with an intriguing sex determination system with three basic sex types: male, female, and hermaphrodite. A high-density genetic map of papaya, constructed using 1498 AFLP and three morphological markers revealed severe suppression of recombination at the sex determination locus with 225 cosegregating markers accounting for 66% of the markers on linkage group 1 (LG 1) and 15% of the markers genomewide . This AFLP map provided a critical piece of evidence for defining the primitive Y chromosome in papaya . Sequence comparison of Y-specific fragments from males and hermaphrodites confirmed that 1
P APAYA (Carica papaya L.) is a major fruit crop in tropical and subtropical regions worldwide. It is diploid (2n ¼ 18) with a small genome size of 372 Mbp (Arumuganathan and Earle 1991) , which is advantageous in genomic analyses. Papaya is a member of the family Caricaceae in the order Brassicales, sharing a common ancestor with Arabidopsis $72 million years ago (Wikströ m et al. 2001) . The phylogenetic positioning of papaya near the major model plant Arabidopsis and within the agronomically significant Brassicales could make it central for comparative structural and evolutional genomic research in this group of dicots.
Papaya is a perennial plant species that flowers as early as 3 months and produces fruit in 9 months; it is trioecious with an intriguing sex determination system with three basic sex types: male, female, and hermaphrodite. A high-density genetic map of papaya, constructed using 1498 AFLP and three morphological markers revealed severe suppression of recombination at the sex determination locus with 225 cosegregating markers accounting for 66% of the markers on linkage group 1 (LG 1) and 15% of the markers genomewide . This AFLP map provided a critical piece of evidence for defining the primitive Y chromosome in papaya . Sequence comparison of Y-specific fragments from males and hermaphrodites confirmed that 1 there are two slightly different Y chromosomes in papaya . To distinguish these two Y chromosomes, the one controlling male was designated as Y, whereas the other controlling hermaphrodites were designated as Y h (Ming et al. 2007) . The sex chromosome genotypes of the three sexes are XY for males, XY h for hermaphrodites, and XX for females. The combinations of YY, YY h , or Y h Y h are embryonic lethal, indicating the loss of essential genes for embryo development during the Y chromosome degeneration process. This notion was reinforced by the gene paucity in the malespecific region of the Y chromosome (MSY) (Yu et al. 2007a) . The lethal effect of the YY, YY h , or Y h Y h genotypes resulted in a distorted 2:1 hermaphrodite and female ratio in F 2 populations derived from crosses between females and hermaphrodites. The DNA markers at the MSY and its neighboring regions exhibit the 2:1 segregation ratio, matching the observed phenotype .
Although the AFLP map was high density, it was constructed with anonymous AFLP markers . The anonymous dominant markers are not suitable for anchoring bacterial artificial chromosomes (BACs) and whole-genome shotgun sequences. Our attempts to anchor AFLP markers on a papaya physical map using plate, row, column, and diagonal pools of BAC DNA produced an unacceptably high rate of false positives (Q. Yu, P. H. Moore and R. Ming, unpublished results) . Thus, developing sequence-tagged DNA markers became a high priority for integrating genetic and physical maps and for aligning papaya genome sequence to individual chromosomes.
Simple sequence repeats (SSRs), or microsatellites, with tandem repeats of di-to tetranucleotide sequence motifs flanked by unique sequences are ubiquitous, abundant, and well distributed in eukaryotic genomes (Tautz 1989; Wang et al. 1994; Cardle et al. 2000; Morgante et al. 2002) . Although SSRs were first studied in humans (Weber et al. 1989) , they have now been found and widely used in nearly all eukaryotes, including many plant species (Morgante et al. 1993) . In recent years, SSRs have become one of the more popular molecular markers with applications in many fields as massive amounts of genomic sequences became available. In contrast to the earlier genetic markers of restriction fragment length polymorphisms (RFLPs), random amplified polymorphic DNAs (RAPDs), and amplified fragment length polymorphisms (AFLPs), SSR markers possess the combined advantages of these three types of DNA markers: they are codominant, highly polymorphic, abundant, distributed throughout the genome, almost always single locus (even in complex genomes), unambiguously and specifically mapped to genomes, and based on efficient PCR-based technology. Microsatellitebased linkage maps have been constructed for a wide variety of species, including mammals and several crop plants (Dib et al. 1996; Dietrich et al. 1996; McCouch et al. 2002; Sharopova et al. 2002; Ihara et al. 2004; Somers et al. 2004; Song et al. 2004) . Although development of a high-density SSR map in plants has lagged behind that of mammals, this situation is being improved significantly as more genome sequences become available in selected plant species.
The agricultural significance of papaya in tropical regions, its small genome size, and the unique biology of primitive sex chromosomes were justifications for launching a papaya genome-sequencing project by the Hawaii Papaya Genome Consortium. DNA from female plants of the cultivar SunUp was selected for wholegenome shotgun (WGS) sequencing. In addition, BAC ends of the entire 133 SunUp hermaphrodite BAC library were sequenced. A large collection of nonredundant SSR markers was developed from BAC end sequences (BES) and WGS. Here we report a high-density genetic map of papaya based on sequence-tagged microsatellites. The objectives of this project were to (1) provide anchor markers for integration of genetic and physical maps and for aligning WGS sequences to chromosomes; (2) generate a comprehensive set of low-cost codominant DNA markers for gene tagging and marker-assisted selection; (3) facilitate physical mapping of the MSY region and the corresponding region of the X chromosome; and (4) foster comparative and evolutionary genomic research in Brassicales.
MATERIALS AND METHODS
Plant materials: An F 2 mapping population was derived from a cross between a female tree of the dioecious variety AU9 and a hermaphrodite tree (pollen donor) of the gynodioecious variety SunUp. This population was grown at the Kunia substation on Oahu, Hawaii, along with their parents AU9 and SunUp, and the F 1 . Young leaves for DNA isolation were collected from 36 hermaphrodite plants, 18 female F 2 plants, the two parents, and an F 1 plant.
Sequence sources of SSR markers: A total of 11,976 SSR markers were developed from the following DNA sequence data: (1) 9955 SSRs from papaya WGS of SunUp female, including 9216 from nonredundant individual sequence reads (designated with prefixes P3K, P6K, and P8K to reflect the insert sizes of the WGS libraries) and 739 from assembled contig sequences (designated with the prefix ctg) and (2) 2021 SSRs from 1979 BES and 42 selected subclones of papaya BACs (designated with the prefix CPM).
SSR markers were searched from the whole-genome shotgun sequences using SSR Finder downloaded from http:/ / www.maizemap.org. The same program was used to remove redundant SSR and design primers. The programs used for mining SSR markers from BAC end sequences and designing primers were described previously (Eustice et al. 2008) . Primers were synthesized by Invitrogen (Carlsbad, CA).
SSR polymorphism survey and mapping: All 11,976 SSR markers were screened for polymorphism using the two parents and two pools of bulk segregants. Each pool contained 10 F 2 plants of hermaphrodites or females, respectively. The markers exhibiting polymorphism between the parents and confirmed in two pools of bulk segregants were used for mapping.
SSR markers were amplified in a 10-ml PCR mix containing 5 ng of template DNA, 0.15 mm of each dNTP, 13 PCR buffer, 2.0 mm MgCl 2 , 0.15 mm each of reverse and forward primers, and 0.5 units of Taq polymerase. The PCR reactions were performed using a PTC-225 thermocycler (MJ Research, Watertown, MA), in which the reaction mixture was incubated at 94°for 5 min, then for 35 cycles of 45 sec of denaturing at 94°, 30 sec of annealing at 55°, and 45 sec of extension at 72°, with a final extension at 72°for 7 min. PCR products were separated on 4% super fine resolution (SFR) agarose (Amresco, Solon, OH) gels and visualized by ethidium-bromide staining.
Some SSR markers showed a subtle difference in agarose gels and were separated using fluorescent-tagged SSR primers in a Li-Cor (Lincoln, NE) 4300 DNA analyzer with a 6.5% gel matrix. The PCR reactions were conducted in a 10-ml PCR mix containing 20 ng of template DNA, 0.2 mm each of reverse and M13-tailed forward primers, 0.4 mm fluorescence-labeled M13 primer, 0.2 mm of each dNTP, 13 PCR buffer, 2.0 mm MgCl 2 , and 0.5 units of Taq polymerase. All marker data were scored by visual inspection and proofread to correct errors.
Map construction: Chi-square analysis was performed on each segregating marker to test the goodness of fit to the expected segregation ratios of codominant (1:2:1), sex-linked codominant (2:1), and dominant (3:1) markers in the F 2 population. A genetic linkage map was constructed using the JoinMap (version 3.0) program (van Ooijen and Voorrips 2001). The linkage map was constructed with a minimum LOD score of 4.0 and a maximum recombination rate (u) of 0.40 using the Kosambi mapping function. During map construction, markers that appeared in the ''suspected linkage'' panel of the JoinMap program were manually checked and markers deemed problematic were removed to assure the accuracy of the genetic map.
RESULTS
SSR markers polymorphism: Among the 11,976 SSR markers surveyed, 8763 (73.2%) amplified successfully, yielding clear and discernible bands, whereas the other 3213 (26.8%) did not amplify or produced nonspecific amplification. Among the 8763 amplified SSRs, 1167 (13.3%) showed polymorphism between the parents of the mapping population and were used for genetic mapping in the F 2 population. A total of 886 SSRs (10.1%) produced segregating genotype data for linkage mapping.
Only high-quality SSR markers were used for the genetic map construction. All 886 SSRs were proofread by a different person. Subsequently, 102 of them were eliminated because the PCR products in agarose gels appeared either too faint or too difficult to distinguish from the parental banding patterns in the F 2 population. Another 58 SSRs were removed because 34 of them had more than five missing data points and 24 caused spurious linkage in the initial mapping attempts. At the end, a total of 726 markers plus the morphological marker fruit flesh color were used for linkage mapping.
Linkage map construction: A total of 707 markers, including 706 SSR markers and the morphological marker fruit flesh color, were mapped to 12 LGs, including 9 large and 3 short that collectively span 1068.9 cM with an average distance of 1.51 cM between adjacent markers ( Figure 1 , Table 1 ). The 9 major linkage groups, which correspond to 9 chromosomes in the papaya genome, covered a total length of 993.5 cM (92.7%) with 683 mapped loci (96.6%) at an average marker density of 1.45 cM. The three short linkage groups covered a total of 75.4 cM with 24 mapped loci (3.4%) and an average distance of 3.1 cM between adjacent markers (Figure 1 ). The remaining 20 SSRs (2.8%) were assigned into two-marker linkage groups (4 SSRs) or remained unlinked (16 SSRs).
The linkage group of the primitive sex chromosomes, where the MSY is located, was designated LG 1 to be consistent with previous linkage maps (Sondur et al. 1996; Ma et al. 2004) . The other linkage groups were designated LG 2-LG 12, in descending order according to the length of each LG generated from our SSR data. Of 78 markers on LG 1, 11 (14%) cosegregated with sex. Cosegregation of the markers with sex was easy to spot as the first 36 lanes of the gel were hermaphrodites and the last 18 lanes were females (Figure 2 ). These 11 markers were designated with the letter Y at the third position from right in the marker name for denoting their mapping to the MSY region and the LG for the sex chromosomes. Of the 11 Y markers, 10 formed a cluster, while the other marker, P3K2981YC0, with two missing data points appeared to be 1 cM away. LG 1 turned out to be the largest linkage group in our genetic map. Fruit flesh color (F-color) was mapped to one end of LG 5 linked with marker P3K2152 at a distance of 12.7 cM (Figure 1) .
Of the 706 SSRs mapped, 651 (92.1%) were codominant and 56 (7.9%) were dominant. See supplemental Table S1 (at http:/ /www.genetics.org/supplemental/) for a complete list of mapped SSRs, including primer sequences, source IDs, and map positions.
Segregation distortion: Two regions on the genetic map showed significant segregation distortion at the The numerical scale at the left of the map is the cumulative length of the LG in centimorgans. The alphanumeric codes at the right of the map describe the SSR markers. The first three positions of the code represent the source or origin of the SSRs (see materials and methods: P markers from WGS, ctg markers from contig sequences, and CPM markers from BES sequences). The next-to-last element is the letter indicating the parent from which the marker was derived (A, AU9; S, SunUp; C, codominant); the last element of the code is information about the x 2 test (C, codominant fitting a ratio of 1:2:1; 0, not fitting any expected segregation ratio; 2, sex-linked codominant fitting a 2:1 ratio; 3, dominant fitting a 3:1; 5, dominant fitting both 2:1 and 3:1). Eleven SSRs on LG 1 with Y at the third position from the end indicate that they are sex-cosegregating markers. SSRs with L also at the third position from the end indicate that the genotype data were generated by a Li-Cor DNA analyzer. The MSY was mapped on LG 1 and the fruit flesh color was mapped on LG 5. < P , 0.05 significant level (chi-square test). One severely distorted region was around the MSY on LG 1 showing 51 (66. 2%) distorted loci of the total loci of 78 (Table  1 ). The center of this distortion region was at the MSY at the position of 47.0 cM on LG 1, which included 11 sexcosegregating markers perfectly fitting the 2:1 segregation ratio (Figure 1 , Table 1) . These SSR markers were tested against 1:2:1 segregation ratio and thus marked as distorted, because they were coded as codominant markers. These distorted markers either completely lack or show severe deficiency of the homozygous pollen-donor SunUp genotype. The second distorted region was on LG 6, containing 24 (22.6%) (Table 1) distorted loci, where the center of distortion was at the position of 79.0 cM near one end of this group ( Figure  1 ). This region showed segregation distortion with a clear deficiency of heterozygote genotype and in favor of homozygous SunUp genotype.
Another notable phenomenon was the high percentages of distorted and dominant markers: 12 (50%) of the 24 markers mapped on the three short groups of
LGs 10-12 (Table 1) .
SSR markers distribution: The distribution of the SSR markers varied over the 9 major linkage groups. The larger linkage groups, LGs 1, 2, and 4, had lower marker densities of 1.88, 1.98, and 2.12 cM/marker; whereas the relatively shorter linkage groups, LGs 6 and 9, had higher marker densities of 0.95 and 0.87 cM/ marker, respectively. The number of markers per major linkage group ranged from 57 to 116; the length of the major linkage groups ranged from 64.5 to 145.0 cM (Table 1) . Chi-square tests of the number of markers mapped to each linkage group indicated a significant deviation from what was anticipated on the basis of the linkage group length (x 2 ¼ 51.14, P # 0.001 in 12
LGs; x 2 ¼ 40.25, P # 0.001 in 9 major LGs). The mapped markers were not evenly distributed (Figure 3 ). The clustering of SSR loci were observed in each of the 9 major linkage groups, 20 clusters ($5 loci/ cM) were identified on the 9 major linkage groups, including the sex-cosegregating markers and a cluster on LG 10 ( Figure 1 ; Table 1; supplemental Table S1 at http:// www.genetics.org/supplemental/). The largest cluster, including 23 loci wthin a 2-cM interval, was located on LG 8. Also, 42 gaps having a distance .5 cM between adjacent markers were spread across the 9 major linkage groups. Among them, 8 gaps with a distance .10 cM between adjacent markers occurred on 5 major linkage groups: one each on LGs 4, 5, and 8; two on LG 1; and three on LG 2 ( Figure 1 ; Table 1; supplemental Table S1 ).
DISCUSSION
Our high-density genetic map, based on sequencetagged SSR markers, significantly improves the capacity for structural and functional analyses of the papaya genome. This map includes 706 (97.2%) of the 726 SSR markers used for map construction, indicating that a vast majority of the papaya genome has been represented. The codominant nature of SSR markers significantly increased the resolution and accuracy of previous papaya genetic maps, particularly the map of the papaya sex chromosomes (more details below). Suppression of recombination at the male-specific region of the Y chromosome was validated once again, albeit the suppression of recombination was much less pronounced with SSRs than in the map based on dominant AFLP markers ). In addition, suppression of recombination at the centromeric region was notable in all nine major linkage groups. This DNA sequence-tagged map is being used for integration of genetic and physical maps and for aligning wholegenome shotgun sequences to papaya chromosomes. The BAC end and subclone sequence-derived SSRs immediately connect the genetic and physical maps and serve as anchor markers for assigning supercontigs and scaffolds to linkage groups. The WGS sequencederived SSRs also anchor the scaffolds to linkage groups through the contigs containing the mapped SSRs. This linkage map provides a framework for gene tagging and map-based cloning. An evenly distributed minimum set of markers can be chosen for mapping quantitative trait loci (QTL) controlling economic and agronomic traits, and linked markers can be used for marker-assisted selection. Sex-cosegregated SSR markers are being used to identify BACs for closing the gaps on the physical maps of the MSY and its corresponding region of the X chromosome. This sequence-tagged linkage map is being integrated with the papaya physical map and whole-genome shotgun sequence. The papaya physical map was based on a high-information-content fingerprinting method that produces high-resolution fingerprints (Luo et al. 2003) and overgo probes strategically selected from conserved Arabidopsis and Brassica sequences (Q. Yu, P. H. Moore, A. H. Paterson and R. Ming, unpublished data). These anchored Arabidopsis and Brassica sequences linked the papaya genome to other Brassicales genomes. The sequence-based papaya genetic map with anchored genome sequence scaffolds is an effective tool for studying macrosynteny and genome evolution in Brassicales, and papaya is an excellent outgroup for comparison with North American and European Brassicas.
Suppression of recombination in the MSY:
The largest cluster of cosegregating markers on LG 1 is still the MSY that is completely suppressed for recombination Ma et al. 2004) . However, the 14% sex-cosegregating SSR markers on LG 1 of the map represented a dramatic reduction from the 66% sexcosegregating AFLP markers previously reported . SSR markers are known to be located near low-copy or genic sequences Morgante et al. 2002) , whereas AFLP markers are distributed randomly in both genic and nongenic regions (Vos et al. 1995) . The MSY region of the papaya Y chromosome is known to be extremely gene poor (Yu et al. 2007a) , which explains the low abundance of SSR markers. The X and Y sequence divergence is extensive with only 83-87% of the sequences sharing homology (Yu et al. 2007b ). This wide divergence provides the molecular basis for the suppression of recombination in the MSY and for the large cluster of polymorphic AFLP markers that were generated by a combination of a 6-base and a 4-base restriction enzyme digestion producing polymorphic target AFLP fragments ranging from 25 to 500 bp (Vos et al. 1995) .
A notable feature of the AFLP linkage map of LG 1, the sex chromosome, was the complete presence of dominant markers from the pollen-donor parent SunUp and the absence of markers from the female parent Kapoho ). This bias is due to the unique situation caused by the abortion of the Y h Y h genotype (homozygous-dominant markers of SunUp), resulting in 2:1 dominant:recessive pollen-donor parent SunUp markers and 3:0 dominant:recessive female parent Kapoho markers . In this map of mostly codominant SSR markers, five dominant markers derived from the female parent AU9 and one dominant marker from the pollen-donor parent SunUp were mapped. Examination of the genotypes of the five AU9 dominant markers revealed four, five, five, five, and seven recombinants, respectively, among 54 F 2 plants. The four markers with either five or seven recombinants each had one recombinant in a single female plant, which was a rare conversion of a homozygousdominant genotype to a homozygous-recessive genotype; the markers showing four recombinants had no recombination in the homozygous-dominant class (female plants). The rest of the recombinants of these AU9 dominant markers occurred in the heterozygous class (hermaphrodite plants) that changed to the homozygous-recessive class. This type of recombinant, which represents the majority of the recombinants of AU9 dominant markers linked to LG 1, can be distinguished by mapping with codominant markers, but not by mapping with dominant SunUp markers that mixed both homozygous-dominant SunUp (homozygousrecessive AU9 or Kapoho) and heterozygous markers.
SSR markers are usually codominant. Dominant SSR markers were scored mostly from bands in addition to the allelic target bands of the two parents. In a few cases, only one of the two allelic bands was robust and easy to score and in these cases were scored as dominant markers. The dominant SSR markers from multiple bands likely resulted from the residual heterozygosity within each parent. More AU9 dominant markers were mapped on LG 1 because of the greater residual heterozygosity in the improved but not released dioecious AU9 than in the gynodioecious cultivar SunUp that has undergone at least 25 generations of self-pollination (Storey 1969) . Among the genomewide 56 dominant markers mapped, 49 (87.5%) were derived from AU9.
The complete suppression of recombination in the MSY region coupled with the loss of the homozygous Y h Y h genotypes skewed the segregation ratio and linked markers immediately surrounding the MSY region. In addition to the 11 sex-cosegregating SSRs showing a 2:1 segregation ratio, 39 SSRs showed segregation ratios strongly distorted from the expected 1:2:1 segregation ratio: 30 on one side and 9 on the other. Markers farther away from the MSY-57 cM at map position 104 cM of one side and 21 cM at map position 26 cM on the other side-recovered from segregation distortion to fit the expected 1:2:1 ratio. Theoretically, if a marker is 50 cM away from another marker on the same linkage group, it segregates independently, as if it were on a different chromosome. This was the case for markers on one side 57 cM away from the MSY. However, markers on the other side of the MSY recovered from segregation distortion at a distance of 21 cM, much less than the theoretical distance of 50 cM. It is possible that chromotin structure and features on the one side inhibited recombination so that the 21 cM on one side might represent a compatible physical distance of 57 cM on the other side. This possibility is supported by fluorescence in situ hybridization (FISH) mapping of MSY BACs that appear near the middle of the Y chromosome (Yu et al. 2007a) , which is in contrast to the unequal genetic distance calculated on the two sides of MSY on LG 1.
Suppression of recombination in centromeric regions: Another notable feature in this linkage map is the clustering of SSR markers on each of nine major linkage groups in the regions postulated to be centromeric. Each cluster contains more than five cosegregating markers (Table 1 ). An inhibition of meiotic recombination by centromeres was suggested first by Dobzhansky (1930) , and the direct effect of centromeres on suppressing recombination has been demonstrated in yeast where a cloned centromere from the third chromosome (CEN3) has been shown to decrease recombination when it was artificially integrated into new sites in the genome (Lambie and Roeder 1986) . Assuming a random distribution of markers, low levels of meiotic recombination would cause markers that are physically well separated to cluster on a linkage map. The clustering of markers in centromeric regions was recognized and physically verified in the genetic maps of tomato and potato (Tanksley et al. 1992) , rice (Harushima et al. 1998; Chen et al. 2002) , and barley . In Drosophila, up to a 40-fold suppression of recombination has been reported near the centromeres (Roberts 1965) . In rice, the physical distance per centimorgan varies with position along the chromosome; the distance averaged 244 kb for the entire rice genome, but in the centromeric regions it was .1 Mb/cM (Chen et al. 2002) .
The largest cluster of markers on LG 1 was at the MSY. FISH of MSY BACs mapped the MSY near the centromere; sequence analysis of selected MSY BACs hinted that the MSY might be on only one side of the centromere and not include it (Yu et al. 2007a) .
SSR linkage map: Because SSRs are abundant, codominant, and cost effective for large-scale genetic and QTL mapping projects, there has been considerable effort toward developing microsatellite maps in a variety of plant species. Such maps are already available in major crop plants that have been the subjects in recent years of significant investments to generate genomic resources for crop improvement, including rice (McCouch et al. 2002) , maize (Sharopova et al. 2002) , wheat (Somers et al. 2004; Song et al. 2005) , barley , soybean (Song et al. 2004) , and sorghum (Menz et al. 2002) . The papaya SSR genetic map was constructed for the papaya genome-sequencing project, which was justified by its agricultural importance in the tropics and its unique reproductive biology. Benefiting from the enormous amount of BAC end and whole-genome shotgun sequences, we constructed a high-density linkage map with an average distance of 1.5 cM between adjacent markers, which is 50% denser than the previous papaya AFLP high-density map that had an average interval of 2.2 cM . Another major improvement is that this SSR map was able to break the large LG 2 of the AFLP map that likely represented more than one chromosome. The high-quality codominant SSR markers enhanced the accuracy of the linkage map as shown by nine major LGs for the nine pairs of chromosomes.
The papaya SSR map of 1068.9 cM with 707 markers is much more compact than the 3294.2 cM AFLP map with 1501 markers. The threefold reduction of accumulated genetic distance is attributed mainly to the high resolution of codominant SSR markers that separate the three classes of genotypes in the F 2 population, which contrasts with the dominant AFLP markers that mix the homozygous-dominant and heterozygous classes to calculate inflated map distances. The AFLP map was constructed from an F 2 population of closely related parents, Kapoho and SunUp, which would assure a high recombination rate and thus increase genetic distance (Kim et al. 2002; Ma et al. 2004) . The parents of the F 2 population used for our SSR map are more distantly related (Kim et al. 2002) and expected to have a lower recombination rate. Another major reason for the inflated genetic distance is missing data as can be seen by the 1-cM genetic distance caused by two missing data points in the genotype of otherwise perfectly sexcosegregating marker P3K2981YC0 on LG 1. Any markers with more than five missing data points were eliminated in the SSR data set; this limited any artificial inflation of map distances. Finally, the function of ''suspected linkage'' in JoinMap 3.0 helped eliminate problematic markers that tend to expand genetic distances; a ''suspected linkage'' function was not available in MAPMAKER 3.0 (Lander et al. 1987 ) that was used for constructing the AFLP map.
Segregation distortion: A segregation distorter (SD) gene produces a bias in normal segregation to favor itself, so that the genotype frequency of this gene is increased in a segregating population. The SD system was found first in Drosophila and has been studied extensively (Lyttle 1991) . It has also been found in many plant species, including rice (Xu et al. 1997) , wheat (Farisa et al. 1998) , maize (Lu et al. 2002) , barley (Kleinhofs et al. 1993) , and coffee (Ky et al. 2000) . In our high-density SSR map, only two regions on the nine major LGs showed significant segregation distortion. The first was the MSY region on LG 1, caused by postzygotic selection through the abortion of the Y Y embryo at 25-50 days after pollination (discussed above). The other distorted segregation region was on LG 6 containing 24 distorted loci (22.6%) spanning 8 cM. The center of this LG 6 distorted region was at 79.0 cM with 10 cosegregating distorted markers. Examining the genotypes of these distorted markers revealed a clear deficiency of heterozygote classes and a high frequency of homozygous SunUp genotypes. It is unknown which genes possess a selective advantage as a homozygous SunUp genotype and whether these genes are associated with abortion of the Y Y genotype.
In addition to these two distorted regions, another 38 SSRs (5.4%) showed segregation distortion sporadically distributed across the other 10 LGs. These distorted markers could be random events, which is a common feature in plant and animal chromosomes (Taylor and Ingvarsson 2003) .
A high percentage of distorted markers was observed on the three small LGs 10-12, even though these three
LGs contained only 24 (3.4%) markers on them (Table  1) . The high rate of distorted markers on these three
LGs might be the consequence of genetic or physical properties in these regions of certain chromosomes that prevented the linkage between these small LGs to the nine major LGs corresponding to individual chromosomes.
SSR distribution in the papaya genome: The distribution of papaya SSR markers over the nine major linkage groups varied significantly. The marker density ranged from 0.87 to 2.12 cM/interval and chi-square tests of the number of markers mapped to each linkage group indicated a significant deviation from what was expected on the basis of linkage group length. Forty-two gaps with a distance $5 cM between adjacent markers were distributed across the nine major linkage groups and, among them, eight gaps $10 cM resided on LGs 1, 2, 4, 5, and 8. On the other hand, 19 SSR loci clusters ($5 loci/cM) were observed in each of the nine major linkage groups, including the cosegregation markers. This phenomenon also occurs in mammals (Dib et al. 1996; Dietrich et al. 1996; Ihara et al. 2004 ) and many crop plant species Temnykh et al. 2001; Menz et al. 2002; Sharopova et al. 2002; Song et al. 2004; 2005) .
SSRs are not uniformly distributed cross the eukaryotic genomes due to a nonrandom physical distribution of SSRs across the chromosomes Song et al. 2005) . It has been shown that microsatellites are preferentially associated with nonrepetitive DNA and significantly associated with the low-copy fraction of plant genomes on the basis of the estimation of microsatellite density in Arabidopsis thaliana, rice, soybean, maize, and wheat Morgante et al. 2002) . Among these species, the overall frequency of microsatellites was negatively correlated with genome size and with the proportion of repetitive DNA. In papaya and other species, the normally recombining regions might represent euchromatic (i.e., gene-rich) regions, while the regions suppressed for recombination represent heterochromatic regions with abundant repetitive sequences.
SSR polymorphism rate: A previous SSR polymorphism survey resulted in 23.4% polymorphic markers between the parental varieties AU9 and SunUp (Eustice et al. 2008) . However, a significant portion of these polymorphism markers detected a subtle difference between 1 and 3 bp. Initially, fluorescent-tagged SSR primers were designed and ordered to map those markers in sequencing gels using a Li-Cor 4300 DNA analyzer, but this practice is slow and costly. This type of marker would be less useful for papaya researchers and breeders. This practice was stopped and only polymorphic markers that can be separated by agarose gels were scored and selected for mapping. Among the 13.3% polymorphic markers selected for genotyping, a fraction of the markers yielded faint bands, abnormal banding patterns, or no polymorphism among progenies. At the end, 10.1% polymorphic markers were scored for genetic mapping. Despite the reduction of polymorphism rate from the initial estimate, SSR markers showed a reasonably high polymorphism rate for a self-pollinated species.
